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Plasmas created by high-intensity lasers are often subjeet to the formation of kinetie- 
streaming instabilities, sueh as the Weibel instability, whieh lead to the spontaneous gen¬ 
eration of high-amplitude, tangled magnetie fields. These fields typieally exist on small 
spatial seales, i.e. “sub-Larmor seales”. Radiation from eharged partieles moving through 
small-seale eleetromagnetie (EM) turbulenee has speetral oharaeteristies distinet from both 
synehrotron and eyelotron radiation, and it earries valuable information on the statistieal 
properties of the EM field strueture and evolution. Consequently, this radiation from laser- 
produeed plasmas may offer insight into the underlying eleetromagnetie turbulenee. Here 
we investigate the prospeets for, and demonstrate the feasibility of, sueh direet radiative di- 
agnosties for mildly relativistie, solid-density laser plasmas produeed in lab experiments. 
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I. INTRODUCTION 


For over a decade, the production of strong (> megaGauss) magnetic fields/turbulence in solid- 
density plasmas, generated by the irradiation of a target with high-intensity lasers, has been ob¬ 
served in a diverse set of laboratory experiments^--. Understanding and controlling electromag¬ 
netic turbulence in these environments is critical to studies in the fusion energy sciences, and for 
the inertial confinement concept^, in particular. Additionally, electromagnetic turbulence is a cru¬ 
cial aspect of numerous astrophysical systems such as gamma-ray bursts and supernova shocks^ —. 

These magnetic fields can be generated by a number of mechanisms - e.g., by the misalign¬ 
ment in plasma temperature and density gradients (Biermann Battery), or by an induction field 
produced by the flux of fast electrons via the ponderomotive acceleration^^. At relativistic intensi¬ 
ties (> 10^® Wjcnr?') and ultrashort pulse durations (< 1 ps), magnetic fields can also be generated 
via an electron-driven Weibel-like instabilit)*^. Unlike the pure Weibel instability driven by the 
plasma temperature anisotropjJ^, this Weibel-like instability is initiated by counterstreaming elec¬ 
tron beams^ consisting of a “hot” beam (arising immediately following the target’s interaction 
with the high-intensity laser) and a returning (shielding) “cold” electron beam. Initially, the net 
current is zero; however, the Weibel-like instability subsequently grows, leading to the formation 
of separated current filaments - the source of a quasi-static magnetic field configuration. These 
Weibel fields reside on a “small-scale” - since the spatial scale (i.e., the correlation length) is 
dictated by the electron skin-depth (which is typically less than, or similar to, the electron gyro- 
radius). The current filaments may further evolve, via coalescence/tearing/screw instabilities, into 
current channels^—, which further initiate filamentary magnetic structures^. 

Additionally, Weibel-like electromagnetic fields have been implicated in the mediation of astro- 
physical collisionless shocks in (initially) unmagnetized plasma medial— . It is strongly believed 
that presently existing laser facilities, such as OMEGA/OMEGA EP and NIE, will eventually 
observe these Weibel-mediated shocks in the laboratory, i.e., to make a “gamma-ray burst in a 
lab”—-—. In contrast to the aforementioned solid-density plasmas, these plasmas flow freely in- 
between laser ablated metal plates^^ — . This is achieved via weaker laser intensities and longer 
pulse durations (~ 10^^ W/cm? and ~ 1 ns, for a recent Omega laser experiment) - although 
higher intensities are believed to be required for the creation of a shock^^. Recently, the for¬ 
mation of filamentary structures indicative of ion-driven Weibel-like magnetic fields have been 
observed in a scaled laboratory experiment at the Omega Easer Eacilit}*^-— . 
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Electrons moving in small-scale magnetic turbulence emit radiation that is distinct from both 
synchrotron and cyclotron radiation. In the context of plasma astrophysics, this radiation is known 
as “jitter” radiation. However, to prevent confusion with the “jitter” of electrons in the laser wave- 
field, we provisionally adopt a new term: “Weibler” radiation. We choose this term because “jitter” 
radiation is often associated with Weibel-like magnetic fields. 

Thus, Weibler (“jitter”) radiation, via its spectrum, offers considerable information about the 
statistical properties of the underlying magnetic turbulence^-—. We will show that the direct ob¬ 
servation of mildly relativistic Weibler radiation may be feasible in the laboratory setting. We will 
focus our attention upon the experiment discussed in Ref.-. This experiment provides a concrete 
example of an applicable laser plasma. Additionally, the Ref.- experiment constructed, directly 
from data, the magnetic (spatial) power spectrum - an estimate of which is necessary to predict 
the Weibler radiation spectra. A considerable amount of what is explored here is applicable to 
(short duration) relativistic laser-plasma experiments, in general. 

The rest of the paper is organized as follows. Section |n] presents the details of the Ref.- ex¬ 
periment. In Section Uni we briefly review the Weibler radiation theory. Then, using some simple 
estimates, we examine the observability of Weibler radiation in the laboratory. In Section |IVl 
we explore competing radiation mechanisms - particularly, thermal Bremssrahlung emission. We 
show that its contribution is negligible compared to the Weibler emission in a spectral window of 
interest. Section |V] compares the radiative cooling times for both radiation mechanisms, showing 
that cooling is insignificant for the typical duration of an experiment. In Section |VIl allowing for 
some simplifying assumptions, we predict the radiation spectrum to be observed in the experiment. 
Finally, Section IVTII is the conclusions. We use cgs units throughout the paper. 


II. THE WEIBEL INSTABILITY IN LASER-PLASMA EXPERIMENTS 

In the experiment discussed in Ref.-, conducted at the Tata Institute of Fundamental Research 
(TIER), an aluminum coated, BK-7 glass target was irradiated by a 10^® Wjcm? (800 nm, 30 /s 
duration) laser pump beam - thereby creating a plasma in the aluminum layer (with thickness sev¬ 
eral times larger than the electron skin-depth) of the target. A low-intensity probe beam (400 nm, 
80 /s) was then introduced at a delay to the initial pumb beam. This probe beam was then re¬ 
flected by the corresponding critical plasma surface. By exploiting the Cotton-Mouton effect, 
the strength, spatial, and temporal evolution of the generated magnetic fields were inferred by 
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measuring the ellipicity induced in the probe beam’s polarization. 

The observed magnetic fields were very intense, with a maximum value ~ 63 MG. Addition¬ 
ally, the fields were relatively long-lived - existing on a several picosecond time-scale - which 
is about a hundred times longer than the laser duration time-scale. These fields initially grow 
on a femtosecond time-scale and on spatial scales comparable to the electron skin-depth at the 
critical surface, de = c/upe ~ 0.1 /rm - which is smaller than the probe spatial resolution of a 
few microns; consequently, their initial development was not directly observable. Nonetheless, 
the Weibel fields further evolved via mechanisms such as Kelvin-Helmholtz (KH) like instabil¬ 
ities (driven by fluid-like velocity shears). Finally, the random magnetic filamentary structures 
eventually exist on a picosecond time-scale and on a many micron spatial-scale - allowing their 
detection. 

In Ref.-, it was reported that the spatial spectrum of the magnetic field (in the target’s transverse 
plane) is well approximated by an inverse power-law which extends to spatial scales below the 
electron skin-depth. Furthermore, the spectral shape remains largely unchanged over a ~ 10 ps 
time-scale. This result was additionally confirmed by 2D Particle-in-Cell (PIC) simulations. The 
PIC simulations further indicated that the magnetic field development is largely insensitive to the 
initial electron (10 eV) and ion (1 eV) temperatures. The final PIC ion temperatures were in the 
range 4 — 8 keV. The final electron temperature (300 — 600 keV\ f ~ 10 ps) implies that the 
electrons are mildly relativistic; i.e. 7 e = 1 /~ 2, where jd = f/c is the normalized 
electron velocity, and c is the speed of light. 

It is worthwhile to note that the scale of the magnetic field is dictated by the electrons in these 
solid-density plasma experiments. In contrast, the Weibel instability in laser ablated plasma flows 
is mediated by the ions. Consequently, the spatial scale of these Weibel magnetic fields will be 
on the order of the ion skin-depth. For this reason, these magnetic fields will not be sub-Larmor- 
scale (“small-scale”) with respect to the electrons; thus, the electrons will not emit radiation in the 
small-deflection Weibler regime. Therefore, the magnetic fields are not so easily identifiable by 
the internal radiation production of the plasma electrons. Rather, proton-radiography or Thomson 
scattering, via the injection of external particles, is the prescribed diagnostic tool22i2^. 

In principle, the sub-Larmor-scale ions should emit Weibler radiation, but this will be orders 
of magnitude less intense (because of their higher mass) than the radiation produced by electrons 
via alternative radiation mechanisms. In addition, plasma dispersion would certainly screen out 
any ion Weibler radiation, since the characteristic emission frequencies will be well below the 


4 



electron plasma cutoff frequency. Thus, we do not anticipate that our results will be immediately 
applicable to the laser setups, such as NIF and OMEGA/OMEGA EP, as they stand currently. 
These experiments would, rather, likely require a modification of the setup to realize the creation 
of a solid-density-type plasma - as explored here. 


III. WEIBLER RADIATION 


The question we address here is whether or not the plasma electrons emit Weibler radiation in 
setups similar to the Ref.- plasma experiment. Eurthermore, is this radiation directly observable 
in the framed experiment? Eirstly, we must determine if the Weibler prescription is appropriate, 
given the experimental parameters. Three principal parameters determine the Weibler regime: the 
magnetic field strength, the electron velocities, and the magnetic field correlation length. The first 
two parameters are known scaling functions of the laser intensity, I and wavelength, A. Eor a given 
intensity and wavelength, the (final) “forward” electron temperatures are, respectively^ 


JA2 


ksTe ~ Upond ~ 1 Mel/ X Y (1) 

where ks is the Boltzmann constant, / is in units of W cm~‘^, A is in units of fim, and Upond is 
the ponderomotive potential of the incident laser beam. Substitution of the Ref.- parameters gives 
the electron temperature of 253 keV. This is comparable to the PIC simulation (final) “effective” 
electron temperature 300 — 600 keV. 

The laser generated Weibel magnetic field is predicted to have the maximum valued^ 

TTIqUJpqC 


rymax 

^Weibel ~ 


( 2 ) 


which follows from the fact that the Weibel magnetic field is of the same order as the (circularly 
polarized) laser electric field^. Eq. (O suggests 171 MG (for de ~ 0.1 /rm), which is 

similar to the maximum experimental value of ~ 100 MG. 

Next, the correlation length of the magnetic field is indicated by the characteristic wave number 
of the turbulent spectrum, ksf. Given an inverse power-law spectrum for the magnetic fluctuations, 
ksf is the minimum wave number, kmin- The small-scale Weibel magnetic fields exist on scales 
comparable to the electron skin-depth. This sets the correlation length of magnetic field; hence. 


kr, 


d7\ 


Now, electrons moving in a random, static, magnetic field B will produce radiation in the 
small-deflection Weibler regime if their Earmor radius is much smaller than the magnetic field 
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( 3 ) 


correlation length Xb - the ratio of whieh, we eall the “gyro-number 


,>’38 


riXs^ ~ kBfTL = kBf 


7eme/3c^ 

eB 


= P, 


Where B is an appropriate statistieal average of the magnetie fiuetuations. In the Ref.- experi¬ 
ment, the spatially/temporally averaged magnetie field (~ 100 MG) was slightly larger than the 
maximum value of 63 MG. We have eleeted to take B ~ Bmax ~ 63 MG. 

Lastly, p will neeessarily be small in the initial stages of the eleetron aeeeleration. So, we 
eonsider only the final time veloeities (obtained from the PIC simulations) whieh are v/c = P ~ 
0.78 — 0.89. Then, finally, eonsidering P^in = 0.78, the gyro-number, p ^ A. Thus, sinee p is 
slightly greater than unity, the radiation regime will be predominantly eharaeteristie of the, mildly 
relativistie, Weibler regime. 

Nonetheless, the observability of the radiation is subjeet to a number of eonditions. In the 
following subseetions, we will outline and roughly estimate these limiting faetors. Obviously, this 
list may not be exhaustive, but we will address the most apparent eoneems. 


A. The Weibler Frequency 

Is the Weibler radiation produetion time-seale small enough to temporally resolve the spee- 
trum? This question may be answered by eonsidering the eharaeteristie Weibler frequeney^, 

^jn — 'yekjninPc. (4) 

Considering only the final eleetron temperatures (i.e. the veloeities P = 0.78, 0.89), the Weibler 
frequeney is 

ujjn ~ 6 X 10^^ — 1 X 10^® rad/s, (5) 

indieating that the radiation is in the Extreme Ultraviolet (EUV) part of the EM speetrum. To avoid 
shielding by the plasma, uijn must be greater than the eleetron plasma frequeney, cUpe = cjd^. The 
eleetron plasma density, at the eritieal surfaee, is indieated by the skin-depth, de ~ 0.1 pm. The 
eorresponding plasma frequeney is 

bjpe ~ 3 X 10^® rad/s. (6) 

Thus, the Weibler frequeney is slightly larger than the eritieal plasma frequeney. This indieates that 
plasma dispersion will play an important role in determining the speetral shape of the radiation. 
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In contrast, non-relativistic electrons would emit eyelotron radiation in large-seale (i.e., weakly 
inhomogeneous or uniform) magnetie fields. In this ease, the mean magnetie field (aeting in plaee 
as an ambient, uniform field) will admit a slightly broadened eyelotron eomponent due to mild 
relativistie effeets. The eyelotron frequeney is 

Uce = e{B)/meC. (7) 

With {B) ~ 100 MG, this is roughly 

cjce ~ 2 X 10^^ rad/s, (8) 

This is slightly below the plasma eutoff, ojpe. Thus, this eyelotron feature may not be readily ob¬ 
servable - while, in eontrast, the Weibler frequeney will be larger by a faetor of a few. Furthermore, 
The isotropie Weibler speetrum has a high-frequeney break at 

^bn 'ye^maxf^C, (9) 

where kmax is the maximum turbulent wave number; i.e., the inverse of the turbulent wavelength 
at the shortest spatial-seale. The Weibler and the break frequeneies determine the window where 
most of the radiation is emitted, ujn ^ ^bn- 

Next, in order to well-resolve the radiation speetrum, one must observe the signal over several 
eharaeteristie time-seales. Given a mildly relativistie eleetron, this time-seale must be several 
In this ease, ~ 0.1 fs. The magnetie field lifetime (~ 10 pieoseeonds) is many orders 
of magnitude larger than a femtoseeond, thus the magnetie field will exist suffieiently long enough 
so that the Weibler speetrum may be resolved. Furthermore, sinee the field-variability time-seale 
is ~ pieoseeonds, whieh is mueh longer, the magnetie field may be treated as statie. 

B. The Weibler Power 

Now, we will estimate the volumetrie power of Weibler radiation to aseertain its observability 
using eurrent instrumentation. We will ignore any magnetie anisotropy, statistieal inhomogeneity, 
and plasma dispersion effeets. We will eonsider a distribution of mono-energetie eleetrons that 
radiate isotropieally. Sinee the eharaeteristie wavelength of the emitted radiation by a single elee¬ 
tron is smaller than the volume dimensions eonsidered, we will assume that the radiation of the 
individual eleetrons add ineoherently. Thus, with these assumptions, and the experimental values 
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used previously, the volumetrie radiated power is^ 


dP 

dV 



s'!min Id min dd max] 


( 10 ) 


where rie is the number density of eleetrons in volume dV, and rg = jmeC^ is the elassieal 
eleetron radius. We expeet the Weibel fields to predominantly reside at seales eomparable to the 
eleetron skin-depth. Sinee the fields will, likely, be strongest at the site of laser absorption, i.e. the 
eritieal surfaee, we may very roughly estimate the Weibler power by substituting rig ~ rig - where 
the Tie is the eritieal density, i.e. 


ric 




( 11 ) 


where oj is the laser frequeney. Thus, we estimate the volumetrie Weibler power as: 


^pWeibler 

dV 


10^^ erg cm ^ s 


( 12 ) 


Finally, we should eompare this result to estimates for any eompeting radiation meehanisms. We 
believe that thermal Bremssrahlung (Bremss.) due to eleetron-ion eollisions is the only likely 
eomplieation. In the next subseetion, we will make an attempt to roughly estimate the Bremss. 
eontribution. 


IV. THERMAL BREMSSRAHLUNG 

To estimate the eleetron-ion Bremss. eomponent, we will assume a thermal distribution of 
eleetrons. We will assume, as before, the estimate for the “effeetive” eleetron temperature, i.e. 
Tg = 300 — 600 keV, obtained from the Ref.~ PIC simulations. At these temperatures, the alu¬ 
minum eoating layer will be fully ionized, meaning Z = 13. Ignoring the partiele eseape from the 
aluminum layer (either into the vaeuum or the BK-7 glass), the number density of ions rij = rZg/Z. 
Thus, negleeting self-absorption (whieh only oeeurs at small frequeneies), the eleetron Bremss. 
power per unit volume (in egs units) will bo^ 

^ ~ 1.4 X lO-^^Tgi/^^gniZl (13) 

dV 

Now, we suspeet that Bremss. radiation will be emitted throughout the entirety of the plasma. 
Nonetheless, owing to the square dependenee on the plasma density, the regions of high-density 
will dominate the total emission power. 
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Thus, we need an estimate of the density profile. To that end, we adopt the eleetron density sup¬ 
posed by the Ref.- PIC simulations. This was an exponential profile, in the longitudinal direetion, 
of the form: 

ne{z) = exp{z/L - 1), ( 14 ) 

where L = 2A is the seale length, and 2 ; is the longitudinal eoordinate. The profile was uniform in 
the transverse plane. This longitudinal trend eontinued up to a plateau at Ue = IdOric. Then, the 
simulation box ended at 2 ; = 16A. We adopt this profile here. 

Finally, for our estimate of the Bremss. eomponent, we will suppose that Ue = 140nc. With 
this substitution, we have: 

j 'pBremss. 

- - -~ 10 ^® erg cm~^ s~^. ( 15 ) 

dV 

This value is four orders of magnitude larger than the Weibler radiation power. However, this 
estimate does not account for the variation in the power across the frequency domain. For this, we 
will need to estimate the radiation spectrum. As we will show, the Weibler spectrum dominates at 
low frequencies. 

As a final consideration, we must ensure that these radiative processes are not obscured by the 
inevitable loss of particle energy via radiative cooling. This requires that we estimate the cooling 
time-scales. 


V. RADIATIVE COOLING 


First, we consider the Bremss. cooling time. Considering the electrons as a classical mono- 
atomic gas, the Bremss. cooling time, with rig = IdOrig, is 


^Bremss. 

^cool 




dPB 


remss. 


dV 


~ 100 jds, 


( 16 ) 


which is a few orders of magnitude larger than all other time-scales in this experiment. Thus, 
Bremss. cooling is negligible. 

The Weibler cooling time-scale may be estimated by considering the time at which the radiated 
power, for a given electron, is comparable to that electron’s initial kinetic energy, i.e. 


■pWeihlerjW eibler 
■^single ^cool 


(% - l)meC^ 


( 17 ) 
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where is the power emitted by a single partiele - i.e. Eq. (fTOl) divided by Ue- Using 

7 e ~ 1.59, the Weibler eooling time is 

~ 0,1 MS. (18) 

whieh is, also, sufficiently long enough to be ignored. We may conclude that, neither Bremss. nor 
Weibler cooling, is significant. 


VI. THE RADIATION POWER SPECTRUM 


Finally, we make predictions for the spectral profile of the emitted radiation. We retain our 
initial assumptions that the magnetic turbulence is statistically isotropic, that the electron density 
has the exponential (longitudinal) profile - Eq. (fT4l) - that plateaus at = IdOrZc and that the 
electron velocities are thermally distributed. For simplicity, we will assume an isotropic three- 
dimensional magnetic turbulence with a power-law turbulent spectrum: 


|BkP = Ck kmin <k<kr, 

|BkP = 0, otherwise. 

Here the magnetic spectral index, /r is a free parameter, and 

2n^V{B^) 


^ ^min 


is a normalization, such that 


(19) 


( 20 ) 


u-' 




( 21 ) 


where V is the volume of the space under consideration, and (i?^) is the spatial average of the 
(mean free) magnetic field. 

Next, the thermal Bremss. power spectral density (i.e., radiated power per frequency per unit 
volume) is a well known function: 


dP 


8^2 


[Z^UiUerl] 


( 22 ) 


dudV 

where y/e(cJ) is the scalar dielectric permittivity, and (5(0;, Tg) is the velocity-averaged Gaunt 
factor. For high-temperature, though non-relativistic, electrons:— 


T \ 1 I ksTe 

G{uj,Te) = In -■ 


7 hw 


( 23 ) 
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where 7 ~ 0.5772 is the Euler-Maseheroni constant. Since the electron velocities are only mildly 
relativistic, the relativistic correction to Eq. (|2^ will be relatively small - a factor of a few. 

We may obtain the total Bremss. spectral flux by integrating Eq. (|2^ over the length of . 2 , i.e. 


dP 

dudA 


8\/2 (rrteC^)^^^ 
Sy/n {ksTeyP 




J y/€{uj{z))ni 


'z)ne{z) dz, 


(24) 


where dA is the differential cross-section, and dP is the differential radiant power. 

Next, the non-relativistic Weibler spectrum for a single electron moving through statistically 
homogeneous/isotropic, static, sub-Earmor-scale magnetic turbulence has been derived previously 
(see Ref.— for details). Repeating the results, for the spectral distribution given by Eq. (fT^ . we 
have: 


du 


A + if ce < ccjn 

< + Tf, if < Wbn 

0 , if Ce 7 CCbn: 


(25) 


where, if /i 7 ^ 2 : 


A = 


2 — ju 


V^max '^min ) ) 


n =_ 

^ — Vfl "'min/ ) 


F = 


V 




V \/i — 2 jij ' 


n — _ 

O' — ^max5 

VfJi 


K = 


2 — n 




(26) 

(27) 

(28) 

(29) 

(30) 


The shape of this spectrum is relatively similar in the mildly relativistic regime; which we access 
by a Eorentz transformation on Eq. (l25l) . Notice that the spectral shape depends upon the magnetic 
spectral index, //. Eurthermore, the spectrum peaks at the Weibler frequency, cjjn - thus, one 
may readily obtain the largest spatial scale of the magnetic turbulence directly from the Weibler 
spectrum. 

Next, to obtain the total Weibler spectrum from a thermal distribution of electrons, we must 
average the single electron spectrum over the appropriate Maxwell-Boltzmann distribution, i.e. 


dP f P, (a;,a;pe,p)e°'0 >) d^p 

- — 77 - - i - - - 

dojdV ^ / e"'0—Te) d^p 


(31) 
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where a = meC^/ksTe, and Pj{uj,ujps,p) = ^{p,ujpe) is the single eleetron speetrum with ki- 
netie momentum p = 'ypnieV. To account for the mildly relativistic velocities, we have made the 
substitution for the usual variables: l/2v^ —)■ ( 7 e — 1) and p — 7 ep. 

Thus, assuming the Weibler prescription for the entirety of the plasma length, the spectral flux 
of Weibler radiation will be: 


dP f r Pj{uj,Up^{z),p)e"^^ d^p 

5^51 = y - 


(32) 


Due to non-perturbative effects, the low-frequency end of the Weibler radiation spectrum will 
differ slightly from the Weibler prescription by the addition of an power-law asymptote (see 
Ref.— for a detailed description). Given p ~ 4 and Upe ~ Ujn, this deviation will be present near 
ujpe; it has no effect, however, on the high-frequency end of the spectrum. Consequently, we have 
elected to ignore this feature. 

As stated previously, a cyclotron/synchrotron component, corresponding to the mean magnetic 
field, will be present. However, since this component is largely screened out by plasma dispersion, 
and its effect is already well known, we omit it here. 

Additionally, we safely ignore the damping effect of Coulomb collisions, since the experimental 
Reynold’s number is Rce^p ~ ^pel^ei ~ 10® - where is the electron-ion collision frequency^. 
From this, we may infer that ojjn 3> iZei- 

Finally, we neglect the plasma gyrotropy. Since ujce < ojpe, the gyrotropy will not be critically 
important to the plasma dispersion at high frequencies, i.e. near cubn- 

Thus, we consider an isotropic, collisionless plasma. The scalar dielectric permittivity is, con¬ 
sequently 

e(a;) = 1 - (33) 


Finally, we may construct the radiation power spectrum. In each plot, the relevant parameters 
are. p 4, CJpe 3 X 10 vadj s, O.ScCpe/lO/^mm^ 3 X 10 cm , Tli 

n^/Z, ksTe = 300 keV, and = 63 MG. The Weibler spectrum was constructed using a 

logarithmically spaced, discretized range of electron velocities from fdmin = 0.1 to fdmax = 0.99. 

In Figure [B the total spectral flux is plotted (“purple”, solid line) alongside the individual ther¬ 
mal Bremssrahlung (“red”, lower-left dashed line) and Weibler (“blue”, upper-left dashed line) 
components. Notice that the Weibler component dominants at frequencies near the Weibler fre¬ 
quency, cjjn ~ llk^inYc - where l/\/l - = 7e and ( 7 e - l)meC^ ~ ksT^. 
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Figure 1. (Color online) Spectral flux (differential flux per differential frequency) of the total emitted 
radiation vs normalized frequency. The frequency is normalized to the Weibler frequency, i.e. Eq. dU). The 
total power (“purple”, solid line) is the sum of the individual Weibler (“blue”, upper-left dashed line) and 
Bremssrahlung (“red”, lower-left dashed line) components. Clearly, the Weibler component dominants near 
the Weibler frequency (here defined as / = w/27r). 


Next, Figure [2l displays the photon flux at eaeh frequeney; i.e.. Figure [H divided by the the 
photon energy, hw. By integrating these eurves over the eomplete frequeney range, we may es¬ 
timate the total photon flux for eaeh eomponent. These are 2 x 10^® (photons) cm~^ and 
10^° (photons) cm~‘^ s~^ for Weibler and Bremss., respeetively. Thus, it would appear that the 
Bremss. flux is only an order of magnitude larger than the Weibler flux. Sinee Bremss. emission 
is easily and routinely deteetable in plasma experiments, it should be easy to observe Weibler ra¬ 
diation too. It is the very distinet speetral shapes of the two, along with the high fluxes, that make 
Bremss. and Weibler radiation easily distinguishable form one another and allows one to resolve 
their speetral features well - the key faetor of a good plasma diagnostie tool. 
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Figure 2. (Color online) The photon flux at each frequency; i.e. Figure [U divided by the the photon energy, 
hio. We see that the majority of the Weibler flux is at frequencies slightly below the Weibler frequency, Wjn- 


VIL CONCLUSIONS 

In this paper we have investigated the prospeets for the direet radiative diagnosties of a mildly 
relativistie, solid-density laser plasmas produeed in eurrent lab experiments. Our results demon¬ 
strate the feasibility of sueh an approaeh. Partieularly, our analysis shows that a sub-relativistie 
laser-plasma setup, sueh as the experiment deseribed in Mondal, et al.-, is a promising eandidate 
for the direet observation of mildly relativistie Weibler radiation. We believe this is suffieient 
impetus for experimental exploration. 

Our model is, nonetheless, a simplifieation. To produee results, we had to make a number of 
assumptions. The most important of these eoneerns isotropy - both in the magnetie turbulenee 
and the emission of radiation. The turbulent magnetie fields produeed by Weibel-like instabilities 
are typieally eharaeterized by anisotropy. This is beeause the distribution funetion of partieles 
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that produce Weibel fields is, itself, anisotropie. Thus, our assumption that an isotropie Maxwell- 
Boltzmann distribution, with a given “effeetive” temperature for the entire plasma, is not likely to 
hold on initial time-seales. 

Similarly, our assumption that the magnetie turbulence is statistieally homogeneous - i.e. ehar- 
aeterized by a single speetral distribution throughout the plasma - is suspeet. The eorrelation 
length throughout the plasma is likely, itself, a funetion of the eleetron density. For this reason, 
there may be regions within the solid target where the magnetie field is not sub-Larmor-seale; 
henee, the small-angle Weibler preseription fails there. 

Nevertheless, we believe our model is reasonable. Our model illustrates two key features that 
we expeet will be present in real lab experiments. First, the Weibler speetrum peaks near the fre- 
queney, ccjn = 7 e ^min/Sc, where fcmin is the eharaeteristie wave-number of the magnetie turbulenee. 
Thus, we may direetly extraet the eorrelation length. As ~ from the radiation speetrum. 
Lastly, the Weibler speetrum takes a sharp drop near the seeond break, ccbn = 7e^max/9c. Similarly, 
^max denotes the minimum spatial seale. Although this feature may be eoncealed by the Bremss. 
eomponent, we may extraet it by subtraeting the predieted Bremss. speetrum. 

A very important feature of our model, as an advaneed radiative diagnostie tool, is the ability 
to probe plasmas at different loeations (depths). Indeed, Bremss. is a quadratie funetion of the 
density, so this radiation probes the plasma eonditions in the densest parts of the plasma, i.e., deep 
into the “eore”. In eontrast, Weibler radiation probes the region with the strongest small-seale 
fields, whieh oeeur where the laser energy/momentum deposition is most effieient, i.e., near the 
eritieal surfaee. The loeation of this region depends on both plasma density and the laser frequeney, 
whieh opens up a possibility to do some sort of “plasma tomography” by using different laser 
frequeneies. 

To eonelude, we believe these preliminary results provide suffieient impetus for experimen¬ 
tal exploration. If Weibler radiation is observed, it will provide valuable information about the 
statistieal properties of the underlying small-seale, magnetie turbulenee. 


ACKNOWLEDGMENTS 

This work has been supported by the DOE grant DE-FG02-07ER54940 and the NSE grant 
AST-1209665. 


15 


REFERENCES 


‘Sandhu, A. S., Dharmadhikari, A. K., Rajeev, R R, Kumar, G. R., Sengupta, S., Das, A., Kaw, 
R K. 2002, RRL, 89, 225002 

^Sarri, G., Macchi, A., Cecchetti, C. A., Kar, S., Liseykina, T. V., Yang, X. H., Dieckmann, 
M. E., Fuchs, J., Galimberti, M., Gizzi, L. A., Jung, R., Kourakis, L, Osterholz, J., Regoraro, R, 
Robinson, A. R L., Romagnani, L., Willi, O., Borghesi, M. 2012, RRL, 109, 205002 
^Wagner, U., Tatarakis, M., Gopal, A., Beg, F. N., Clark, E. L., Dangor, A. E., Evans, R. G., 
Haines, M. G., Mangles, S. R D., Norreys, R A., Wei, M.-S., Zepf, M., Krushelniek, K. 2004, 
RRE, 70, 026401 

^Gopal, A., Minardi, S., Burza, M., Genoud, G., Tzianaki, I., Karmakar, A., Gibbon, R, Tatarakis, 
M., Rersson, A., Wahlstrom, C.-G. 2013, Rlasma Rhysies and Controlled Fusion, 55, 035002 
^Mondal, S., Narayanan, V., Ding, W. J., Lad, A. D., Hao, B., Ahmad, S., Wang, W. M., Sheng, 
Z. M., Sengupta, S., Kaw, R, Das, A., Kumar, G. R. 2012, Rroceedings of the National Aeademy 
of Scienee, 109, 8011 

®Ren, C., Tzoufras, M., Tsung, F. S., Mori, W. B., Amorini, S., Fonseea, R. A., Silva, L. O., 
Adam, J. C., Heron, A. 2004, RRL, 93, 185004 

^Tatarakis, M., Beg, F. N., Clark, E. L., Dangor, A. E., Edwards, R. D., Evans, R. G., Goldsaek, 
T. J., Ledingham, K. W., Norreys, R A., Sinelair, M. A., Wei, M.-S., Zepf, M., Krushelniek, K. 
2003, RRL, 90, 175001 
^Medvedev, M.V. 2006, ApJ, 637, 869 

^Medvedev, M. V., Rothapragada, S. S., & Reynolds, S. J. 2009, ApJL, 702, L91 
'^Reynolds, S. J., & Medvedev, M. V. 2012, Rhysies of Rlasmas, 19, 023106 
"Kamble, A., Soderberg, A. M., Chomiuk, L., Margutti, R., Medvedev, M., Millsavljevie, D., 
Chakraborti, S., Chevalier, R., Chugai, N., Dittmann, J., Drout, M., Fransson, C., Nakar, E., 
Sanders, N. 2014, ApJ, 797, 2 

'^Belyaev, V. S., Krainov, V. R, Lisitsa, V. S., & Matafonov, A. R 2008, Rhysies Uspekhi, 51, 793 

'^Weibel, E.S. 1959, RRL, 2, 83 

''^Fried, B. D. 1959, Rhysies of Fluids, 2, 337 

'^Medvedev, M. V., Fiore, M., Fonseea, R. A., Silva, L. O., & Mori, W. B. 2005, ApJL, 618, L75 
'^Rolomarov, O., Kaganovieh, I., & Shvets, G. 2008, RRL, 101, 175001 

'^Shvets, G., Rolomarov, O., Khudik, V., Siemon, C., & Kaganovieh, I. 2009, Rhysies of Rlasmas, 


16 


16,056303 

'^Medvedev, M. V., & Loeb, A. 1999, ApJ, 526, 697 

^^Silva, L. O., Fonseca, R. A., Tonge, J. W., Dawson, J. M., Mori, W. B., Medvedev, M. V. 2003, 
ApJL, 596, LI21 

^‘’Frederiksen, J. T., Hededal, C. B., Haugbplle, T., & Nordlund, A. 2004, ApJL, 608, L13 
^^Spitkovsky, A. 2008, ApJL, 673, L39 

^^Nishikawa, K.-I., Niemiec, J., Hardee, R E., Medvedev, M., Sol, H., Mizuno, Y., Zhang, B., 
Pohl, M., Oka, M., Hartmann, D. H. 2009, ApJL, 698, LIO 
^^Bret, A., Stockem, A., Narayan, R., & Silva, L. O. 2014, Physics of Plasmas, 21, 072301 
^'‘Medvedev, M. V. 2007, Astrophysics and Space Science, 307, 245 
^^Medvedev, M. 2008, Bulletin of the American Astronomical Society, 40, 192 
^^Medvedev, M. V., & Spitkovsky, A. 2009, ApJ, 700, 956 

^’Sakawa, Y, Kuramitsu, Y, Morita, T., Kato, T., Tanji, H., Ide, T., Nishio, K., Kuwada, M., 
Tsubouchi, T., Ide, H., Norimatsu, T., Gregory, C., Woolsey, N., Schaar, K., Murphy, C., Gregori, 

G. , Diziere, A., Pelka, A., Koenig, M., Wang, S., Dong, Q., Li, Y, Park, H.-S., Ross, S., Kugland, 
N., Ryutov, D., Remington, B., Spitkovsky, A., Froula, D., Takabe, H. 2013, European Physical 
Journal Web of Conferences, 59, 15001 

^^Huntington, C. M., Eiuza, E, Ross, J. S., Zylstra, A. B., Drake, R. P, Eroula, D. H., Gregori, G., 
Kugland, N. E., Kuranz, C. C., Eevy, M. C., Ei, C. K., Meinecke, J., Morita, T., Petrasso, R., 
Plechaty, C., Remington, B. A., Ryutov, D. D., Sakawa, Y, Spitkovsky, A., Takabe, H., Park, 

H. -S. 2015, Nature Physics, 11, 2, 173-176 

^^Eox, W, Eiksel, G., Bhattacharjee, A., Chang, P.-Y, Germaschewski, K., Hu, S. X., Nilson, P. M. 
2013, PRE, 111,225002 

^°Park, H.-S., Huntington, C. M., Eiuza, F, Drake, R. P, Froula, D. H., Gregori, G., Koenig, M., 
Kugland, N. E, Kuranz, C. C., Eamb, D. Q., Eevy, M. C., Ei, C. K., Meinecke, J., Morita, T., 
Petrasso, R. D., Pollock, B. B., Remington, B. A., Rinderknecht, H. G., Rosenberg, M., Ross, 
J. S., Ryutov, D. D., Sakawa, Y, Spitkovsky, A., Takabe, H., Turnbull, D. P, Tzeferacos, P, 
Weber, S. V., Zylstra, A. B. 2015, Physics of Plasmas, 22, 056311 
Medvedev, M.V., 2000, ApJ, 40, 704 

3^Medvedev, M.V., Erederiksen, J.T., Haugbplle, T., Nordlund, A. 2011, ApJ, 737, 55 
33Reville, B., & Kirk, J. G. 2010, ApJ, 724, 1283 
3"iTeraki, Y. & Takahara, E. 2011, ApJ, 735, E44 


17 


^^Keenan, B. D., & Medvedev, M. V. 2013, PRE, 88, 013103 

^^Hatehett, S. R, Brown, C. G., Cowan, T. E., Henry, E. A., Johnson, J. S., Key, M. H., Koeh, J. A., 
Eangdon, A. B., Easinski, B. E, Eee, R. W., Maekinnon, A. J., Pennington, D. M., Perry, M. D., 
Phillips, T. W., Roth, M., Sangster, T. C., Singh, M. S., Snavely, R. A., Stoyer, M. A., Wilks, 
S. C., Yasuike, K. 2000, Physies of Plasmas, 7, 2076 

Krainov, V. P 2003, Journal of Physios B Atomio Moleoular Physios, 36, 3187 
^^Keenan, B. D., Eord, A. E., & Medvedev, M. V. 2015, PRE, 92, 033104 

^^Rybioki, G. B., & Eightman, A. P 1986, Radiative Processes in Astrophysics, by George B. Ry- 
bioki, Alan P Eightman, pp. 400. ISBN 0-471-82759-2. Wiley-VCH , June 1986. 

'^‘’Bekefi, G. 1966, Radiation Processes in Plasmas (New York: Wiley). 

^‘Teraki, Y, & Takahara, E. 2014, ApJ, 787, 28 


18 


